Stress has well-known effects on adrenal glucocorticoid secretion, and chronic elevation of glucocorticoids can have detrimental effects on the brain. Dehydroepiandrosterone (DHEA), an androgen precursor synthesized in the adrenal glands or the brain itself, has anti-glucocorticoid properties, but little is known about the role of DHEA in the stress response, particularly in the brain. Here, we measured the effects of acute restraint on circulating corticosterone (CORT) and DHEA levels in wild song sparrows. Blood was collected from either the brachial or jugular vein. In songbirds, jugular plasma is enriched with neurally synthesized steroids, and therefore, jugular plasma is an indirect index of the neural steroidal milieu. Subjects were sampled during four times of year: breeding, molt, early nonbreeding, and mid-nonbreeding. Baseline CORT and DHEA levels showed similar seasonal changes; both steroids were elevated during the breeding season. Baseline CORT and DHEA levels were similar in jugular and brachial plasma. Acute stress had robust effects on CORT and DHEA that were season specific and vein specific. For CORT, during the molt, stress increased jugular CORT more than brachial CORT. For DHEA, during the breeding season, stress decreased jugular DHEA but not brachial DHEA. During the molt, stress increased jugular DHEA but not brachial DHEA. Acute stress did not affect brachial DHEA. These data suggest that acute stress specifically affects the balance between DHEA synthesis and metabolism in the brain. Furthermore, these results suggest that CORT and DHEA are locally synthesized in the brain during molt, when systemic levels of CORT and DHEA are low. (Endocrinology 149: 2537-2545, 2008) I T IS WELL KNOWN that acute stress stimulates the hypothalamic-pituitary-adrenal (HPA) axis and results in glucocorticoid release from the adrenal glands in vertebrates. Interestingly, the HPA axis is plastic in adulthood and varies dramatically across the seasons (1-3). Seasonal variation in HPA axis function may enable animals to adjust behavior and physiology to match seasonal changes in food, weather, predators, or social organization (4).
I
T IS WELL KNOWN that acute stress stimulates the hypothalamic-pituitary-adrenal (HPA) axis and results in glucocorticoid release from the adrenal glands in vertebrates. Interestingly, the HPA axis is plastic in adulthood and varies dramatically across the seasons (1-3). Seasonal variation in HPA axis function may enable animals to adjust behavior and physiology to match seasonal changes in food, weather, predators, or social organization (4) .
Like glucocorticoids, dehydroepiandrosterone (DHEA) is regulated by stress. DHEA is a sex steroid precursor with no known classical intracellular steroid receptor (5, 6) . In humans, DHEA and its sulfated ester, DHEA-sulfate, are the most abundant steroids secreted by the adrenal cortex. Acute stress and ACTH increase circulating DHEA levels in humans (7) (8) (9) , and DHEA is more sensitive than cortisol to low doses of ACTH (10) . Nonetheless, the function of DHEA in the stress response is not well understood.
Importantly, DHEA is not only produced by the adrenals but can also be synthesized by the gonads and the brain itself (11, 12) . In rats and mice, plasma DHEA levels are low, and the adrenals produce little or no DHEA (5) . Concentrations of DHEA are higher in the rat brain than plasma, even after adrenalectomy (13) , and the brain expresses the necessary steroidogenic enzymes (14) . Acute stress and ACTH treatment increase DHEA levels in the rat brain (13, 15, 16) . These data suggest that DHEA, as a neurosteroid, is regulated by stress.
Recent evidence suggests a role for DHEA as an antiglucocorticoid in the nervous system (17) . For example, in humans, the ratio of cortisol to DHEA is increased in some studies of patients with stress-related psychiatric diseases, such as major depression and schizophrenia (18, 19) . Furthermore, DHEA treatment to depressed patients improves mood (20, 21) . In rats, DHEA is a potent anti-glucocorticoid in neuronal cultures (22) and protects against glucocorticoidinduced neuronal death in vivo (23) . The mechanisms of action remain unclear because DHEA has low affinity for mineralocorticoid receptors and glucocorticoid receptors (24) , but neural metabolism of DHEA to active sex steroids might be important (25) .
Here, we examined the effects of acute restraint on plasma DHEA and corticosterone (CORT) levels in a songbird, the song sparrow (Melospiza melodia). We measured DHEA and CORT in different seasons, because there are large seasonal changes in both steroids (2, 26) . Song sparrows, unlike rats and mice, have relatively high levels of DHEA in the plasma (26) . In the nonbreeding season, DHEA levels are elevated in song sparrow adrenal glands (27) , and recent evidence indicates high DHEA levels in the brain (28) . A physiological dose of DHEA has robust effects on behavior and neuroanatomy in song sparrows (29) . Last, DHEA metabolism to sex steroids in the songbird brain is very high (30 -32) . Neural metabolism of DHEA by 3␤-hydroxysteroid dehydrogenase/isomerase (3␤-HSD) is rapidly increased by restraint in breeding male song sparrows (33) .
We measured DHEA and CORT in plasma from the brachial vein and jugular vein. Brachial plasma serves as a measure of systemic steroid levels, and jugular plasma serves as an indirect measure of the neural steroidal milieu. Importantly, in songbirds, jugular plasma is enriched with neurally synthesized steroids, such as estradiol (34) . When radiolabeled androgen is administered peripherally, radiolabeled estrogens are higher in jugular plasma than carotid plasma (34 -36) . Recent studies suggest that the songbird brain can synthesize DHEA (37) . If the brain is the main source of circulating DHEA, then jugular DHEA will be higher than brachial DHEA. During the nonbreeding season (when the gonads are regressed), the brain might be the main source of circulating DHEA (26) . Thus, a difference between jugular and brachial DHEA levels could be season specific. Last, if DHEA or its metabolites have anti-glucocorticoid properties in the brain, acute restraint stress might specifically alter the balance between neural DHEA synthesis and metabolism, thereby affecting jugular DHEA levels.
Materials and Methods Subjects
Subjects were wild adult male song sparrows (n ϭ 107 total). Song sparrows are a useful model system, because their behavior and physiology in the wild are well characterized (38, 39) . Subjects were captured near Vancouver, British Columbia (49°12ЈN, 123°01ЈW). This population is sedentary, and males maintain territories year-round (39, 40) . In 2005, individuals were captured during four seasons: 1) breeding (May 1-25, n ϭ 34); 2) molt (August 15 to September 8, n ϭ 19); 3) early nonbreeding (October 10 -27, n ϭ 38); and 4) mid-nonbreeding (December 19 -23, n ϭ 16). During breeding, plasma testosterone levels are elevated, and males aggressively defend territories. During the molt, song sparrows replace their feathers, have nondetectable plasma testosterone levels, and show little territorial aggression. During the nonbreeding season, the testes are regressed, plasma testosterone levels are nondetectable, but territorial aggression is expressed at high levels (41) . Protocols were approved by the University of British Columbia Committee on Animal Care and complied with the guidelines of the Canadian Council of Animal Care.
Field protocol
Subjects were caught using mist-nets and less than 5 min of conspecific song playback (mean Ϯ sem, 2.78 Ϯ 0.02 min). A baseline blood sample (ϳ150 l) was collected within 3 min of capture (mean Ϯ sem, 2.2 Ϯ 0.05 min) from the brachial or jugular vein (see below). Then, subjects were restrained in an opaque cloth bag for 30 or 60 min. After restraint, another blood sample (ϳ150 l) was collected (from the same vein as at baseline). Importantly, separate individuals were bled after 30 min restraint and 60 min in two of four seasons (breeding and early nonbreeding seasons).
From the brachial vein, blood was collected with heparinized microhematocrit tubes after venipuncture with a sterile 26-gauge needle. From the jugular vein, blood was collected with a sterile heparinized 1-ml syringe with a fixed 28-gauge needle, as described previously (42) (43) (44) . We used cotton and gentle pressure to stop the blood flow. Blood was kept on ice until returned to the laboratory (2-8 h) and centrifuged. Plasma was stored at Ϫ20 C.
We also collected the following body measurements: length (to nearest 0.1 mm) of the tarsus, wing, and cloacal protuberance (androgendependent secondary sex characteristic); abdominal and furcular fat scores (five-level visual fat index) (45) ; and body mass (to the nearest 0.1 g). Last, subjects were given a unique combination of three plastic color bands and a numbered aluminum band. Subjects were then released back onto their territory.
CORT RIA
To measure CORT, we used a double-antibody 125 I RIA (ImmuChem 07-120103; MP Biomedicals, Orangeburg, NY), which was modified for songbird plasma (46) . Each sample was measured in duplicate. Briefly, the manufacturer's directions were followed, except that the volumes of all reagents were halved and plasma was diluted 1:50 (5 l of plasma plus 245 l of assay buffer). The CORT antibody has a low crossreactivity with deoxycorticosterone (0.35%), testosterone (0.10%), cortisol (0.05%), androstenedione (0.03%), and DHEA (Ͻ0.01%). The intraassay variation was 3.8% (n ϭ 12 replicates in one assay), and the interassay variation was 2.4% for the low standard and 2.1% for the high standard (n ϭ 4 assays). The lowest point on the standard curve was 3.1 pg CORT/tube, and the detection limit for our assays with 1 l plasma/ tube was 3.1 ng/ml.
We validated this assay for song sparrow plasma. Using a plasma pool, we compared the CORT concentrations in samples assayed without a steroid extraction step and in samples assayed after a steroid extraction step. For steroid extraction, we used HPLC-grade dichloromethane (DCM) (3 ml ϫ 2). Extracts were dried under N 2 at 40 C, resuspended in 250 l assay buffer, and stored overnight at 4 C before RIA. We also examined parallelism between the standard curve and serially diluted unextracted plasma. Parallelism between the two curves indicates that substances in the plasma do not interfere with the assay (47) .
DHEA RIA
To measure DHEA, we used a double-antibody 125 I RIA (DSL 8900; Diagnostic Systems Laboratories, Webster, TX). The DHEA RIA was modified to increase sensitivity (48) and has been previously used for songbird plasma (49) . Each sample was measured in duplicate. The DHEA antibody has a low cross-reactivity with DHEA-sulfate (0.02%), 16␤-OH DHEA (0.041%), androstenedione (0.46%), testosterone (0.028%), and CORT (Ͻ0.01%). The intraassay variation was 1.6% (n ϭ 6 replicates in one assay), and the interassay variation was 2.0% for the low standard (25 pg/tube) and 7.0% for the high standard (100 pg/tube) (n ϭ 4 assays). The lowest point on the standard curve was 2 pg DHEA/ tube, and the detection limit for our assays with 15 l plasma/tube was 0.13 ng/ml.
Previous data indicate that DHEA must be extracted from song sparrow plasma before RIA (50) , and here we used DCM to extract DHEA (3 ml ϫ 2), as described previously (26) . To confirm that DCM extraction was effective, we examined recovery of 50 pg exogenous DHEA that was added to a pool of song sparrow plasma before extraction. DHEA was extracted from 33 l plasma with DCM, and extracts were dried under nitrogen at 40 C. Dried extracts were resuspended in 220 l assay buffer and stored at 4 C overnight. Furthermore, plasma was extracted with DCM, and the extracts were serially diluted and measured via RIA. Parallelism between the standard curve and serially diluted extracted plasma indicates that DCM extraction removes substances in the plasma that interfere with the assay (47). The serial dilution was also used to determine optimal plasma volume for the RIA.
Statistical analysis
To determine parallelism between an RIA standard curve and a serial dilution of plasma, we tested equality of slopes using an analysis of covariance (ANCOVA). A lack of significant interaction between the standard curve and serial dilution of plasma indicates that the lines are parallel. To calculate an index of body condition, we used the residuals from a linear regression of body mass on tarsus length (51) .
To test for the effects of season and vein on baseline steroid levels, we used a two-factor ANOVA. To examine the effects of season, vein, and stress on hormone levels, we used a three-factor mixed-design ANOVA where season and vein were between-subject factors and stress was a within-subject factor (52) . Where applicable, significant interactions with season were broken down using two-factor ANOVA within each season to assess the effects of vein and stress. For post hoc tests, we used Tukey's honestly significant difference (HSD) tests. We used JMP IN 5.1 (SAS, Cary, NC). We considered test results significant for P Ͻ 0.05. Data are presented as mean Ϯ sem.
Results

Validation of RIAs
CORT RIA. The CORT concentration measured in plasma extracted with DCM (31.34 Ϯ 0.94 ng/ml; n ϭ 6) was not different from the CORT concentration measured in unextracted plasma (31.56 Ϯ 1.16 ng/ml; n ϭ 6) (t test; t ϭ 0.15; df ϭ10; P ϭ 0.88). Furthermore, a serial dilution of unextracted plasma showed parallelism with the CORT standard curve (ANCOVA, r ϭ 0.99, no significant interaction, F (1,12) ϭ 1.11; P ϭ 0.32) (Fig. 1A) . Taken together, these data indicate that CORT can be measured directly in song sparrow plasma, without an extraction step, as described previously (46) . DHEA RIA. Recovery of 50 pg DHEA added to song sparrow plasma before extraction was 104.12 Ϯ 8.6% (n ϭ 4 pairs). Recoveries of 25-and 100-pg DHEA standards were 89.6 Ϯ 4.5 and 91.3 Ϯ 8.3%, respectively (n ϭ 4 assays each). Furthermore, a serial dilution of DCM-extracted plasma was parallel to the DHEA standard curve (ANCOVA, r ϭ 0.99, no significant interaction; F (1,10) ϭ 2.44; P ϭ 0.17) (Fig. 1B) . Lastly, all water blanks were nondetectable (Ͻ2 pg DHEA) (n ϭ 2 per assay, 8 total). Taken together, these data indicate that extraction of DHEA from song sparrow plasma with DCM was effective.
Baseline steroid levels
Baseline CORT. At baseline, there was a significant effect of season on plasma CORT (F (3,105) ϭ 55.20; P Ͻ 0.0001); however, there was no main effect of vein (F (1, 105) ϭ 0.12; P ϭ 0.73) and no interaction between season and vein (F (3,105) ϭ 1.31; P ϭ 0.27). Baseline plasma CORT levels were highest during the breeding season and similarly low during the other three seasons (Tukey's HSD, P Ͻ 0.05) (Fig. 2A) .
Baseline DHEA. Similar to CORT, there was a significant main effect of season on baseline plasma DHEA (F (3,106) ϭ 29.84; P Ͻ 0.0001) and no main effect of vein (F (1, 106) ϭ 0.08; P ϭ 0.78) and no interaction between season and vein (F (3, 106) ϭ 0.33; P ϭ 0.80). Baseline plasma DHEA levels were highest during the breeding season and mid-nonbreeding season, compared with the molt and early nonbreeding season (Tukey's HSD, P Ͻ 0.05) (Fig. 2B) .
Stressed steroid levels
Within a vein and season, there were no significant differences in CORT or DHEA concentrations in plasma samples collected after 30 or 60 min of restraint (Table 1) . Previous studies on sparrows have also shown that CORT levels do not differ between 30 and 60 min of restraint (53, 54) . Therefore, 30-and 60-min data were pooled within a vein and within a season. Moreover, separate analyses using 1) stressed steroid levels at 30 min or 2) pooled stressed steroid levels (30 and 60 min) were not different; thus, pooling the data did not alter the results.
Stressed CORT. To examine the effects of season, vein, and stress on plasma CORT, we used a three-factor mixed-design ANOVA. The main effects of season, vein, and stress were significant (Table 2) . Also, the interaction between season and stress was significant, and thus, this interaction was broken down using a two-factor ANOVA within each season to examine the main effects of vein and stress on plasma CORT.
Within all seasons, there was a significant main effect of stress ( Fig. 3A and Table 3 ). Interestingly, only during the molt was there a significant main effect of vein and a significant interaction between vein and stress ( Fig. 3A and Table 3 ). During molt, jugular CORT levels were significantly higher than brachial CORT levels after stress (Tukey's HSD, P Ͻ 0.05) (Fig. 3A) .
Stressed DHEA. To examine the effects of season, vein, and stress on plasma DHEA, we used a three-factor mixed-design ANOVA. There was a significant main effect of season; however, the main effects of vein and stress were not significant ( Table 2 ). The interaction between season and vein was significant, as was the three-way interaction of season ϫ vein ϫ stress (Table 2) . Because the three-way interaction was significant, we used a two-factor ANOVA within each season to examine the effects of vein and stress on plasma DHEA.
During the breeding season, the main effect of vein was significant, the main effect of stress approached significance, and the interaction between vein and stress was significant (Table 3) . Stressed jugular DHEA was significantly lower than baseline jugular DHEA (Tukey's HSD, P Ͻ 0.05), but stressed brachial DHEA was not different from baseline brachial DHEA (Tukey's HSD, P Ͼ 0.05). These results indicate that stress decreased jugular DHEA but did not affect brachial DHEA during the breeding season ( Fig. 3B and Table 3) .
During the molt, the main effects of vein and stress were not significant, but the interaction between vein and stress was significant (Table 3) . Stressed jugular DHEA was significantly higher than baseline jugular DHEA (Tukey's HSD, P Ͻ 0.05). Stressed jugular DHEA was also significantly higher than baseline and stressed brachial DHEA (Tukey's HSD, P Ͻ 0.05). Stressed brachial DHEA was not different from baseline brachial DHEA (Tukey's HSD, P Ͼ 0.05). These results indicate that stress increased jugular DHEA but did not affect brachial DHEA during the molt (Fig. 3B and Table 3 ).
During the early and mid-nonbreeding seasons, neither the main effects of vein and stress nor the interaction between vein and stress were significant (Fig. 3B and Table 3 ).
Relationship between CORT and DHEA
Baseline levels of CORT and DHEA were positively correlated across seasons [r ϭ 0.47; n ϭ 100, P Ͻ 0.0001]. However, within each season, there was not a significant correlation between baseline levels of CORT and DHEA.
Stressed levels of CORT and DHEA were also positively correlated across seasons [(r ϭ 0.36; n ϭ 101, P ϭ 0.0003]. However, within each season, there was not a significant correlation between stressed levels of CORT and DHEA.
The CORT/DHEA ratios at baseline and after acute restraint were significantly higher during the breeding season in brachial and jugular plasma (Table 4) .
Body condition
Body condition was calculated using the residuals from a regression of body mass on tarsus length. Body condition changed significantly with season, and subjects in the midnonbreeding season had the highest body condition (Table  5) . Baseline CORT levels were not correlated with body condition in any season; however, stressed CORT levels were negatively correlated with body condition in the breeding season [r ϭ Ϫ0.39; n ϭ 32, P ϭ 0.05]. In contrast, baseline DHEA levels were positively correlated with body condition in the breeding season [r ϭ 0.45; n ϭ 32, P ϭ 0.02].
Fat score also changed significantly with season, with fat stores being much greater during the mid-nonbreeding season ( Table 5) .
The androgen-dependent cloacal protuberance length changed significantly with season ( Table 5 ). The cloacal protuberance was largest during the breeding season and decreased progressively in the molt, early nonbreeding season, and mid-nonbreeding season (Table 5) . A small cloacal protuberance indicates low circulating testosterone levels (55, 56) .
Discussion
Plasma CORT and DHEA changed dramatically over the seasons. Both steroids were regulated by acute restraint stress; however, the effect of stress was dependent on season and vein. Stress decreased jugular DHEA during breeding, whereas stress increased jugular DHEA during molt. Stress did not affect brachial DHEA in any season. Across seasons, stress increased CORT in both veins. However, during molt, stress increased jugular CORT significantly more than brachial CORT. Previous songbird studies have shown differences between jugular and systemic plasma levels of neurally synthesized radiolabeled estrogens (34 -36) , but this study is the first to suggest differences between jugular and systemic levels of endogenous steroids in adults. Moreover, this is the first study to examine acute regulation of DHEA in multiple seasons.
Baseline steroid levels
At baseline, brachial CORT did not differ from jugular CORT in any season. Baseline CORT levels were significantly higher during the breeding season than during the rest of the year, and this robust seasonal pattern is consistent with previous studies in songbirds (2) . Seasonal modulation of plasma CORT levels can occur due to changes at the level of the hypothalamus, the pituitary, or the adrenals (1). Elevated baseline CORT in breeding males may facilitate energy mobilization to meet the demands of feeding and raising young, which is energetically demanding in this biparental species (2, 57) .
Baseline levels of brachial DHEA were significantly higher (Table 3) . Data are means Ϯ SEM, and numbers in parentheses indicate sample sizes. during the breeding and mid-nonbreeding seasons, consistent with previous data in song sparrows (26) . During the breeding season, the testes are recrudesced and secrete high levels of androgens. During the nonbreeding season, the testes are fully regressed and circulating testosterone is nondetectable (41) . Importantly, at baseline, jugular DHEA did not differ from brachial DHEA at any time of year. Thus, these data do not support the hypothesis that the brain is the main source of circulating DHEA in the nonbreeding season. Nonetheless, it remains possible that DHEA is synthesized in the brain (58) and acts locally, without being secreted into the jugular. Future studies will measure DHEA directly in specific brain regions. Baseline CORT and DHEA in both veins were positively correlated across all seasons. The striking similarity in the pattern of seasonal change suggests that both CORT and DHEA may be of adrenal origin. Chronic elevations in CORT have detrimental effects on brain and immune function (59) . DHEA is a potent antiglucocorticoid, and thus, an elevation in DHEA during the breeding season could mitigate the detrimental effects of CORT. For example, DHEA is a potent anti-glucocorticoid in the brain and diminishes the neurodegenerative effects of CORT in the rodent brain (17, 23) . In mice, DHEA also ameliorates the immunosuppressive effects of CORT (60) . During the breeding season (when CORT is high), elevated DHEA may play a neuroprotective or immune-enhancing role. Interestingly, baseline DHEA was positively correlated with body condition during the breeding season, further suggesting a beneficial effect of high DHEA.
The CORT/DHEA ratio was highest during the breeding season. An elevated CORT/DHEA ratio supports the idea that the breeding season is a particularly demanding period. The CORT/DHEA ratio is also increased in some studies of patients with major depression and schizophrenia (18, 19) . Further studies are needed to clarify the significance of the CORT/DHEA ratio in songbirds.
Effects of acute restraint on plasma CORT
Restraint stress increased brachial and jugular CORT levels in every season, but the magnitude of the increase showed large seasonal variation, consistent with previous studies (2) . This is the first study to examine seasonal changes in jugular CORT levels. In both veins, the CORT response to stress was significantly higher during the breeding season and similar in the other seasons. Increased CORT responsiveness during the breeding season may prepare an individual for a subsequent stressor (4) . Thus, stressed CORT should be maximal when the probability of encountering a stressor (e.g. predator, parasite, or competitor for mates) is greatest, and for many species, this period is the breeding season (2) .
Specifically during the molt, the increase in jugular CORT was significantly greater than the increase in brachial CORT, even though baseline levels were similar in the two veins. The molt is the annual replacement of feathers after the breeding season (61) . Previous studies have shown that baseline CORT and stressed CORT levels are dramatically reduced during molt (62) . Furthermore, CORT treatment slows feather growth in molting birds (61) . During molt, the decrease in systemic CORT levels may facilitate protein deposition during feather growth and avoid the catabolic actions of CORT (61) . The present data raise the intriguing hypothesis that during molt, when adrenal synthesis of CORT is down-regulated, neural synthesis of CORT is up-regulated. There is some evidence that the brain has the capacity to synthesize CORT in mammals (63) (64) (65) (66) , and future studies will measure CORT directly in brain tissue. Increased local synthesis of CORT in the brain during molt might allow for behavioral responses to stressors (e.g. predators) while avoiding the costs of high circulating CORT on feather growth. Similar mechanisms may operate during the nonbreeding season to avoid the costs of high circulating testosterone (67) . An alternative hypothesis is that circulating CORT is sequestered in the brain during molt and released in response to stress, but at present, there is little evidence for this hypothesis.
Effects of acute restraint on plasma DHEA
Acute restraint stress for 30 or 60 min did not affect brachial DHEA levels in any season. These data are consistent with a previous study that used a 30-min restraint (26) . Thus, even though CORT and DHEA levels are positively correlated across the seasons, suggesting similar long-term regulation, short-term regulation by stress is quite different for these two steroids. In humans, both cortisol and DHEA are synthesized in the adrenal cortex and are acutely regulated by stress and ACTH (7) (8) (9) 68) . In song sparrows, during the nonbreeding season, DHEA concentrations in the adrenals are nearly 10 times higher than in plasma (26, 28) . Nonetheless, acute stress has no effect on systemic DHEA levels. Similarly, the bovine adrenal synthesizes DHEA (69), but short-term ACTH treatment has no effect on systemic DHEA levels (70) . In contrast, long-term ACTH treatment increases circulating DHEA levels in cows (70) . If ACTH has chronic, but not acute, effects on adrenal DHEA synthesis in song sparrows, that might explain why seasonal changes in systemic CORT and DHEA are positively correlated but the effects of acute stress differ.
Unlike brachial DHEA, jugular DHEA was significantly affected by acute stress in a season-specific manner. During the breeding season, stress significantly decreased jugular DHEA levels. A decrease in jugular DHEA suggests a decrease in neural DHEA synthesis or an increase in neural DHEA metabolism. In captive breeding male song sparrows, acute restraint increases the activity of brain 3␤-HSD, the enzyme that metabolizes DHEA to androstenedione (33) . These data are consistent with stress increasing neural DHEA metabolism in the breeding season.
During the breeding season, there was greater individual variation in both brachial and jugular DHEA. This individual variability could be the result of differences in breeding substage. Within the breeding season, hormone levels fluctuate according to substage (e.g. nest building, egg laying, incubation, feeding chicks, and re-nesting) and also decline from the first brood to the second brood (41) . This variability may have affected our ability to assess the effect of vein between individuals. However, the effect of stress was assessed within individuals, which controlled for individual differences.
In contrast to the breeding season, stress increased jugular DHEA levels during the molt. An increase in jugular DHEA suggests either an increase in neural DHEA synthesis or a decrease in neural DHEA metabolism. Molt is the only season when jugular DHEA increased in response to stress, and this coincides with the data on jugular CORT during molt. During molt, when systemic levels of CORT and DHEA are low, it is possible that the down-regulation of systemic steroid signals is accompanied by an up-regulation of local steroid production. The balance between systemic and local steroid signaling mechanisms remains enigmatic (71) but has important implications for patients with adrenal insufficiency and Addison's disease (72) and also for the stresshyporesponsive period during development (73) .
Conclusions
The present results indicate pronounced season-dependent effects of acute restraint stress on CORT and DHEA levels. Furthermore, the effects depend on whether the steroids are measured in brachial or jugular plasma. The positive correlation between baseline CORT and DHEA levels across seasons suggests that CORT and DHEA are regulated similarly in the long term. However, systemic CORT but not systemic DHEA is regulated by stress in the short term. Importantly, the effects of acute stress on jugular DHEA suggest a role for DHEA in the brain. Future studies shall focus on CORT and DHEA levels in specific brain regions and the effects of natural chronic stress (74) . Lastly, these data highlight the importance of the blood sampling site. In endocrine studies, blood is collected from a variety of sites, including the brachial vein, jugular vein, tail vein, saphenous vein, and retroorbital sinus. It is possible that blood samples from these different sites have different steroid profiles. 
